ABSTRACT: We present a detailed study on the static magnetic properties of individual permalloy nanotubes (NTs) with hexagonal cross-sections. Anisotropic magnetoresistance (AMR) measurements and scanning transmission X-ray microscopy (STXM) are used to investigate their magnetic ground states and its stability. We find that the magnetization in zero applied magnetic field is in a very stable vortex state. Its origin is attributed to a strong growth-induced anisotropy with easy axis perpendicular to the long axis of the tubes. AMR measurements of individual NTs in combination with micromagnetic simulations allow the determination of the magnitude of the growth-induced anisotropy for different types of NT coatings. We show that the strength of the anisotropy can be controlled by introducing a buffer layer underneath the magnetic layer. The magnetic ground states depend on the external magnetic field history and are directly imaged using STXM. Stable vortex domains can be introduced by external magnetic fields and can be erased by radio-frequency magnetic fields applied at the center of the tubes via a strip line antenna.
M agnetic nanoconduits have been proposed as future high-density memory elements. 1 In such devices information can be encoded by writing domain walls (DWs) in a track. The DWs can be efficiently moved by spin-polarized currents, spin-orbit torques, or both. 2, 3 Ideally, a future domain wall memory device should allow for densely packed arrays, which requires stray field free states. 4 Furthermore, the speed at which domain walls can be moved along a nanotrack determines the performance of such a device. A ferromagnetic nanotube (NT), with its lack of magnetic core, is a promising candidate for meeting both requirements. A variety of stable configurations for NTs are conceivable at zero external magnetic field, including a global vortex state (VS) in which the magnetization circulates around the circumference of the tube, a uniform magnetized state (US) in which the magnetization points along the long axis of the tube, an onion state (OS), and mixtures between these cases. 5 These states are illustrated in Figure 1a . The metastable OS can only be obtained after the application of an external magnetic field perpendicular to the tube axis. Note that because the VS is a flux closed state, it enables the close packing of nanowires without magnetic cross-talk via stray fields. Furthermore, it has recently been predicted by micromagnetic simulations that DWs in magnetic NTs can be moved at extremely high speeds. 6, 7 Because the DWs introduced above and in particular their velocities are very different, the knowledge of the actual magnetic ground state and its control are key prerequisites for a successful implementation of magnetic NTs in modern storage technology.
Earlier attempts to determine the magnetic properties of NTs have mostly been conducted on large ensembles 8−10 due to the small single magnetic moment of individual tubes. This, however, prevents an accurate characterization because ensembles of NTs exhibit a distribution in size, shape, and orientation depending strongly on the growth density. Therefore, the tube's individual magnetic properties may differ from those of the ensemble. Consequently, the investigation of single NTs with different ferromagnetic coatings came into the focus of research. 11−15 While anisotropic magnetoresistance (AMR) measurements on single NTs have been performed, 14−16 it remains challenging to draw conclusions from AMR data alone to the magnetic ground state. One reason may lie in a typically rough surface that makes it difficult to compare the experimental data with micromagnetic models of idealized tubes. In this Letter, we investigate nearly perfectly grown NTs in which the tubes and the magnetic coating have been grown in an ultra-high vacuum at very low base pressures. In addition, we exclusively process single NTs by using a dual-beam scanning electron microscope (SEM/FIB). On these grounds, we are able to avoid tapering effects appearing for densely grown NTs, guaranteeing a smooth, homogeneous magnetic shell.
For the analysis of individual NTs, two different techniques are applied. First, an AMR setup is used in which magnetic fields up to 2 T can be applied. The resistance change as a function of applied field gives access to the underlying magnetic ground state. A comparison of different field orientations, parallel and perpendicular to the tube's long axis, allows us to draw conclusions on the magnetic state in zero applied field. As a second tool, scanning transmission X-ray microscopy (STXM) at the L 3 -edge of iron (Fe) is used to directly visualize the magnetic state by making use of X-ray magnetic circular dichroism 17 (XMCD) as contrast mechanism.
We find very stable vortex states, independent of the length of the tubes, indicating a different origin for the fluxed closed VS than the reduction of stray fields. 5 Careful analysis of the AMR data and comparison with micromagnetic simulations allow the determination of the strength of the magnetic anisotropy for individual NTs. Using Al 2 O 3 buffer layers, the anisotropy can be tuned such that the VS is less stable to externally applied magnetic fields. This ultimately leads to the conclusion that the VS is favored by a tunable growth induced azimuthal anisotropy, which, in turn, can be understood as a result of a shadowing effect occurring during growth at oblique angles. A growth-induced anisotropy has also been addressed in refs 15 and 18 as a possibility for the interpretation of the experimental findings.
Sample Design. In this study, NTs, consisting of nonmagnetic single crystalline GaAs cores and permalloy (Ni 80 Fe 20 , Py) shells, are chosen as objects of investigation. This choice is based on the characteristic low magnetic anisotropy of Py thin films, even on well-prepared singlecrystalline substrates. The NTs are fabricated in the following Figure 1c ). Hence, tapering effects due to shadowing during growth are completely avoided. Using a gas-injection system (GIS), the chosen NT is fixed with platinum on the tip of a nanomanipulator. A focused ion beam (FIB) then detaches the NT from the substrate, and it is placed elsewhere on an oxidized silicon sample. Finally specific lengths and straight ends are created using precise FIB cuts. The obtained individual NT can, for instance, be contacted with gold stripes (Figure 2a ) via electron beam lithography for transport measurements.
The exclusion of tapering, straight tube ends and low surface roughness provide samples closely resembling model samples used in simulations. Therefore, a direct comparison of the results from experimental measurements and simulations becomes possible. For the simulations, standard Py material parameters are used: M S = 800 kA/m and A ex = 13 × 10 −12 J/ m. Furthermore, we simulated a maximal cell size of 4 nm, which is below the exchange length of Py: l ex ≈ 5.7 nm. For most simulations periodic boundary conditions are applied to a cross-sectional cut of the nanotube. This treatment is justified due to the high anisotropies encountered in our samples, leading to a homogeneous magnetic profile along the tubes length. In the simulations the AMR response is calculated from the cosine square of the local angle between magnetization and current. Hence, we do not account for the dependence of the AMR on out-of-plane or in-plane magnetization. 20 Because the maximal simulated out-of-plane tilting angle is only 18.7°, this effect is negligible.
AMR Measurements. This section presents AMR measurements conducted on three different NTs (s1, s2.1, and s2.2). Their properties and the obtained results are summarized in Table 1 . The resistance R is measured as a function of external magnetic field H for various directions indicated by the angle Θ in Figure 2 (a). The applied current I was varied between 1 and 10 μA. Due to the insulating Al 2 O 3 buffer layer of s2.1 and s2.2, a higher current flows in the Py-layer than for s1, where a significant portion (∼24%) flows through the semiconducting GaAs core. This unwanted current-flow in the semiconductor reduces the maximum AMR ratio defined as AMR = (R ∥ − R ⊥ )/R ⊥ by roughly a factor of 3 (compare this to Table 1 ) but does not influence the interpretation of the data. Furthermore, the signal-to-noise ratio deteriorates, which can only be partially compensated by enhancing the current. Typically, I = 2(5) μA have been applied for s2.1/s2.2 (s1).
Panels b and c in Figure 2 display resistance measurements for s1 and s2.1, respectively. The black curves, obtained for Θ = 0, immediately reveal that the remaining state can not be a saturated state pointing along the tubes axis because the zerofield resistance differs drastically from the high-field resistance. Because the onion state can only be entered after application of an external field perpendicular to the tube axis the ground state is a VS. Given that the magnetization in the VS is perpendicular to the tubes long axis, the resistance is decreasing while approaching zero external field. For s1 (s2.1), an applied field of H sat,∥ = 53 mT (30 mT) is necessary to rotate the magnetic moments completely into the direction parallel to the tube's long axis, thus identified as the hard axis. The corresponding energy density difference Δϵ between US and VS can be calculated using the relation μ · = (1)
comprising the exchange energy density ϵ ex,VS , induced by the curvature of the six edges in the VS, the anisotropy energy density ϵ ani,US , and the demagnetizing energy density ϵ dem,US for the case of a NT in the US. The anisotropy is assumed to be of uniaxial character and can be described by ϵ ani,US = −K 2 cos 2 Θ, where K 2 is the uniaxial anisotropy constant and the angle Θ is introduced in Figure 2a . The last nonzero term in eq 2 can be estimated by approximating the NT by a general ellipsoid, yielding:
where t = 15 nm is the thickness of the Py coating and L = 20 μm is the length of the NT. The exchange contribution to the energy density of the VS ϵ ex,VS is estimated using micromagnetic simulations conducted with K 2 s1 = −21 000 J/m 3 and K 2 s2 = −13 000 J/m . As expected, the exchange energy density does not change for different anisotropies and can be used to obtain K 2 from the measurements. Using the values for μ 0 H sat,∥ listed in Table 1 and applying ϵ ex,VS = 2100 J/m 3 and ϵ dem,US = 300 J/m 3 to eq 2 finally gives K 2 s1 = −23 000 J/m 3 and K 2 s2 = −15 000 J/ m 3 for s1 and s2, respectively. Hence, the 1 nm thick Al 2 O 3 layer reduces the anisotropy by a factor of 1.5.
A typical angular dependence of the AMR in the saturated state at 1 T is shown exemplarily for s2 in the inset of Figure 2c . The normalized AMR signal shows a maximum (minimum) corresponding to a parallel (perpendicular) orientation of current and external field, respectively. The data follows the well-known cos 2 Θ dependence and the corresponding fit is shown as red line.
A major difference between sample s1 and s2.1 is observed in the behavior of the AMR when approaching zero field with Θ = 90°. The field sweep direction is always from positive to negative fields. s2.1 switches into the vortex ground state for field values below 15 mT, visible in the AMR measurements as an abrupt resistance drop. In contrast, s1 remains in a metastable onion-like state with a larger resistance at zero applied field. The inset in Figure 2b shows the field regions between −40 and 40 mT. For s1, the original onion state is left at −10 mT, possibly for another onion-like state with orientation switched by 180°. Simulations conducted with the parameters corresponding to s1 and s2.1 always lead to the vortex state at zero field. Panels d and e of Figure 2 show the simulation according to the parameters of s2.1. In the simulations, the vortex state is reached for an applied magnetic field twice as large than observed experimentally. The onionlike metastable state of s1 at zero field may be attributed to pinning effects that were not included in the simulations. These seem to be pronounced if the Py layer is directly grown on GaAs. The remainder of this section discusses the origin and the tunability of the large anisotropy K 2 , described above. To account for crystalline anisotropies, a Py full film sample grown on GaAs(110) was analyzed via conventional absorption ferromagnetic resonance. For this sample, we find a uniaxial in-plane anisotropy of K 2 = 3000 J/m 3 . Hence, crystalline anisotropy itself can not be responsible for the large anisotropies found in the NTs, especially because the orientation of the anisotropy does not coincide with the NTs circumference, which would be necessary to favor the VS.
The role of the demagnetizing field on the ground state arising from the different NT length is investigated in the following. Samples s2.1 and s2.2 were both picked from the same wafer; thus, their only difference is their length (L = 20 μm for s2.1 and L = 30 μm for s2.2). When the external field is applied at Θ = 0, a saturation field H sat,∥ is necessary to drag the magnetization out of the vortex state into the US. The results listed in Table 1 reveal no difference for both lengths, confirming the negligible contribution of the demagnetizing energy for the investigated NT-parameters and lengths. Applying eq 3, the difference for L = 20 μm and L = 30 μm is approximated to be only 0.25 mT. This result can be confirmed by micromagnetic simulations assuming no anisotropy: a NT with magnetic parameters corresponding to s2.1 exhibits a ground-state magnetization pointing along the tube's long axis, with edge vortex domains on each side of roughly 1 μm in length. In good approximation, these edge domains remain the same size and independent of the NT length. Similar behavior has been found in earlier simulations for cylindrical NTs. 5 The origin of the enormous anisotropy can be explained by a self-shadowing effect, which occurs during the growth process. This effect is well-known and has been studied in several earlier works on full-film samples. 22−25 However, it has not been considered in the context of MBE-grown magnetic NT coatings. A prerequisite for its occurrence is a small angle between long axis of the tubes and the Py evaporation beam direction, referred to as ζ. The "surface" in the case of a NT is given by the facets. For our setup, ζ = 28°for all facets. During the initial stages of the Py layer formation, small crystallites are randomly distributed across the facets. These crystallites act further as growth nuclei, while the facet region behind them is deprived of Py deposition leading to a shadowing effect. At some point, the crystallites get large enough to start merging, creating crystalline chains whose long axes tend to be perpendicular to the beam direction. 23 In the case of NTs, this axis therefore circles the circumference, creating a growthinduced anisotropy that favors the vortex ground state.
Knowledge of the origin of the growth-induced anisotropy is essential to modifying the NTs magnetic properties, such as the stability of the ground state at zero applied field. A comparison of s1 and s2.1, whose only difference is the insulating buffer layer Al 2 O 3 , shows a difference in H sat,∥ of 23 mT, which is directly linked to an anisotropy difference of ΔK 2 = 8000 J/m 3 . The 1 nm thick buffer layer creates a slightly rougher surface and influences the crystalline growth of Py due to its amorphous structure. Without the buffer layer, the crystalline structure of Py is adapted directly from the GaAs. For a 1 nm thick Al 2 O 3 layer, the crystalline growth on the facets is influenced enough to reduce the induced anisotropy by a factor of 1.5 (difference between sample s1 and s2). In other reports, 12, 13 the GaAs rods are transferred to a MBE chamber without in situ connection. Consequently, the surface of the GaAs oxidizes and the reported results suggest almost no growth induced anisotropy. We expect similar findings for thicker layers of Al 2 O 3 .
Another approach to changing the magnetic ground state of the NT would be a variation of the growth conditions. For instance, different angles (ζ) can change the growth-induced anisotropy. 22−25 While ζ = 90°would result in zero growthinduced anisotropy, as it is known for Py thin films, smaller angles than 90°induce an anisotropy perpendicular to the Py atoms beam direction, with a maximum anisotropy at around 40°. 22, 23, 25 This anisotropy favors the vortex state in the case of nanotubes. Unfortunately, changing ζ is impossible in most growth chambers because it requires a repositioning of the evaporation source. Hence, as a more-comfortable parameter, the growth temperature can be exploited to tune the growthinduced anisotropy and thus the ground state in NTs. Increasing the mobility of the metal atoms on the facets reduces the anisotropy because atoms are able to diffuse into the shadowed regions during the initial states of growth and thus influence the crystalline chains. This effect has already been investigated for flat Py films. Table  1 ). The samples are positioned such that the top facet normal is parallel to the X-ray beam (compare this to Figure 3d ). Because STXM imaging is a transmission technique, in the case of a tube in the VS, the magnetic signal of upper and lower facets average to zero, while the oblique facets accumulate their signals. The obtained images in Figure 3 clearly visualize the vortex state described in the first section.
The images shown in panels a and b of Figure 3 were obtained after application and removal of a magnetic field of 150 mT perpendicular to the NT. Initially, the NTs exhibited a global VS for both types of tubes. Our previously displayed AMR findings are therefore nicely confirmed using a complementary technique. However, we observe that after removing the external field the tubes decay into sections of vortex domains with opposite circulation around the NT. A line scan across a domain wall is shown in Figure 3c . The lateral size of the X-ray beam is approximately 40 nm in these experiments, i.e., the measured domain wall width of Δ DW = πl = 140 nm represents an upper limit. To estimate the actual value of the domain wall parameter l, we use micromagnetic simulations, applying the sample parameters of s1 (K 2 = 23 000 J/m 3 ). In the simulation a DW is forced into a NT by starting with two opposing vortex domains. After the relaxation process, the DW width is determined to be Δ DW ≈ 70 nm for the 500 nm as well as for the 250 nm diameter tube. l can be used to estimate the number of domain walls necessary to account for the AMR signal in Figure 2b if assuming a multi-domain state at zero applied field instead of a metastable onion state. The domain wall profile is expressed as m x (x) = cosh −1 (x/l), where x is the direction parallel to the tubes axis. Because the AMR signal depends quadratically on m x , the contribution of one single domain wall to the AMR signal is ∫ −∞ ∞ m x (x) 2 dx = 2l. When using this approximation, there would need to be more than 35 domains within the distance between the voltage contacts (d = 9 μm) to account for the increase in resistance at zero applied field (red curve in Figure 2b ). Because we never encountered such a high density of domain walls, the onion state is still a reasonable explanation to account for the increase in resistance approaching zero field.
In an attempt to achieve a uniform magnetic state, both types of tubes are placed on a copper strip line to be able to apply rf magnetic fields. For Figure 3b , the antenna is on the far right (outside the image section). The application of rf excitation for some seconds, exceeding 4 dBm throughput, leads to the removal of all initially created domains, leaving only a global vortex state (not shown). The power of 4 dBm corresponds to a field of roughly 5 mT directly at the facet in contact with the antenna (width of 1 μm and thickness of 250 nm). Domains are removed for all tested frequencies (2−8 GHz). The exact process of domain wall removal is unresolved at the moment, but we speculate that the excitation of the magnetization with very large rf magnetic fields leads to the excitation of highamplitude spin waves, which push the domain walls toward the ends of the tubes, where they are annihilated. Because applications rely on reading and writing processes, this finding is of particular interest for further investigations.
Conclusions. In conclusion, anisotropic magnetoresistance and transmission X-ray microscopy measurements were conducted on individually selected Py NTs. A very stable vortex ground state was found for Py grown directly on the GaAs core. The large anisotropy necessary for the VS formation can be explained in terms of a growth induced effect, depending strongly on the growth conditions such as the angle between the NT axis and the thermal Py evaporation source. When using 1 nm thick Al 2 O 3 buffer layers between Py and GaAs, the anisotropy can be reduced by a factor of 1.5. These findings offer the possibility to control the magnetic ground states of NTs during growth. The flux closed VS is particularly interesting for densely packed arrays of NTs because it greatly reduces magneto-static interactions. To corroborate our findings, the vortex ground state was directly visualized with X-ray magnetic microscopy. Stable vortex domain walls can be introduced into the NT when external magnetic fields are applied perpendicular to the tube's axis for a short period of time. Surprisingly, these domains can be erased again when a strong local rf-magnetic field excitation is applied. Our findings may enable a broad range of further experiments concerning domain wall motion in magnetic NTs as well as applications using NTs as building blocks for future data-storage devices.
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